Helix content of peptides with various uncharged nonaromatic amino acids at either the N-terminal or C-terminal position has been determined. The choice of N-terminal amino acid has a major effect on helix stability: asparagine is the best, glycine is very good, and glutamine is the worst helix-stabilizing amino acid at this position. The rank order of helix stabilization parallels the frequencies of these amino acids at the N-terminal boundary (N-cap) position of helices in proteins found by Richardson and Richardson [Richardson, J. S. & Richardson, D. C. (1988) Science 240,[1648][1649][1650][1651][1652], and the N-terminal amino acid in a peptide composed of helix-forming amino acids may be considered as the N-cap residue. The choice of C-terminal amino acid has only a minor effect on helix stability. N-capping interactions may be responsible for the asymmetric distribution of helix content within a given peptide found by various workers. An acetyl group on the N-terminal a-amino function cancels the N-cap effect and the acetyl group is equivalent to N-terminal asparagine in an unacetylated peptide. Our results demonstrate a close relationship between the mechanisms of a-helix formation in peptides and in proteins.
It has been established for about 20 years that certain amino acid residues occur more frequently than others in helices, sheets, and reverse turns of globular proteins (1) . Frequency of occurrence of amino acid residues in helices displays greater complexity than in other secondary structures, because the residue frequencies in a helix are different at the N-terminal end (N-cap) , at the C-terminal end (C-cap) , and at interior positions (1). A careful analysis by Richardson and Richardson (2) of 215 helices in 45 proteins revealed that residue frequency distributions within helices are even more complex than previously thought. The analysis by Richardson and Richardson (2) indicates that helices of proteins can be subdivided into five types of positions, each of which has a unique residue frequency distribution. These types of positions are: the two boundary positions (N-and C-caps), positions following the N-cap (Ni, N2, N3, N4, and N5) or preceding the C-cap (C5, C4, C3, C2, and Cl), and interior positions. The N-cap position is dominated by polar residues with small side chains (such as Asp, Asn, Ser, and Thr) as well as Gly; positions Ni to N3 display a preference for negatively charged residues; Ala is the most common residue in the helix interior; positively charged residues are found frequently at positions C3 to Ci; and Gly is found very often at the C-cap position.
The obvious question that the study by Richardson and Richardson (2) evokes is: why do amino acid residues occur with particular frequencies at these positions in protein helices? One explanation, provided by Presta and Rose (3) , is that the residue preferences, which are most pronounced at the helix boundaries, result from clusters of residues that initiate helix formation during protein folding. Their pro- The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
posed mechanism for helix initiation involves formation of Hi-bonds between the side chains of polar residues flanking the helix termini and the unpaired main-chain NH and CO groups of the first and last turn of the helix. Richardson and Richardson (2) , after observing many of these side-chainmain-chain H-bonds in crystal structures of proteins, suggested that the residue preferences reflect the thermodynamic role ofH-bonds in stabilizing the final helical structure, and they coined the term "capping" to describe this type of interaction. In addition to helix capping, interactions between the charged side chains ofacidic and basic residues and the a-helix macrodipole provide a different reason for the asymmetric distribution ofcharged residues in protein helices (4, 5) .
As suggested by Presta and Rose (3), a simple method to test whether helix-capping interactions contribute to helix stability is to determine whether substituting polar residues at the ends of a helical peptide favors helix formation. The tendency of isolated helices to fray could complicate the interpretation of such an experiment. Recent experiments by Bruch et al. (6) , Lyu et al. (7) , and Forood et al. (8) have shown, however, that relatively large effects are observable in peptide helices that are consistent with the side-chainmain-chain H-bond hypothesis. These observations suggest that the extent of helix fraying can be greatly altered by placing appropriate residues at the ends of peptide helices.
Here we examine the propensities of uncharged nonaromatic amino acids in the N-cap and C-cap positions to stabilize the helices formed by Ala-based peptides. We find significant differences in the helix-capping propensities of these residues. Moreover, we find that helix capping must involve interactions in addition to side-chain-main-chain H-bonding. RESULTS N-and C-Cap Positions in Peptide Helices. The N-and C-cap positions in protein helices have been defined by Presta and Rose (3) as the positions occupied by the first and last residues of the helix that form helical H-bonds and yet possess nonhelical dihedral angles. Richardson and Richardson (2) defined the N-and C-cap residues as the first and last residues in a helix whose a-carbons are within the cylinder defined by the helix. Either definition will produce similar lists of N-and C-cap positions when applied to the protein structures in the Brookhaven Protein Data Bank. Demarcating helix boundaries in helical peptides, on the other hand, is much more difficult because the peptide does not exist as a well-populated single conformation. Instead, the peptide interconverts between helical, partly helical, and nonhelical conformations, causing the helix boundaries to fluctuate. Helix boundaries in peptides must, therefore, be defined by a distribution. The shape of the distribution depends on the amino acid sequence and the helix propensities of the amino acid residues. An example of the helix boundary distribution for a hypothetical 17-residue homopolymer containing a strong helix former is shown in Fig. 1 . The distribution was calculated using Lifson-Roig theory, which assumes that the choice of N-and C-cap amino acids does not influence the stability of the helix. Note that in the distribution (Fig. 1) , the N-and C-terminal amino acids have the greatest probabilities of occupying the N-cap and C-cap positions. The residues in the interior also display, however, a finite probability ofbeing either an N-cap or C-cap residue; this effect is caused by helix fraying.
MATERIALS AND METHODS
Peptide Design. It is our intention to measure the helix capping propensities of the uncharged nonaromatic amino acids by substitution experiments at the N-and C-cap positions in a helical peptide. Aromatic amino acids contribute side-chain bands to the CD spectrum around 222 nm and complicate the measurement of helix content (10). Charged amino acids contribute to helix stability by interacting with Distribution of helix boundary positions in a hypothetical 17-residue homopolymer. The probability is plotted that a given residue position forms the boundary between helix and coil. The helix boundary distribution was determined using the Lifson-Roig theory. The input parameters were as follows: w = 1.66; v2 = 0.0023; n = 17; the helix boundary probability is determined by the probability that a given residue position has a statistical weight of v (w and v are, respectively, the helix propagation and nucleation parameters of the Lifson-Roig theory). the helix dipole. All of the peptides used in this study are based on the sequence (AAKAA)M and are similar to other Ala-Lys peptides previously used by this laboratory (11) (12) (13) (14) , with the exception that a single Gly residue has been inserted between the terminal Tyr and the rest of the sequence. This modification allows us to retain the Tyr residue for accurate concentration determination while eliminating the induced CD band resulting from interactions between the phenolic chromophore and the helix; the induced CD band introduces error in measurements of helix content (10).
Since Ala is known to be a strong helix former, we assumed that the helix boundary distribution ofAla-Lys peptides in 1.0 M NaCl (where electrostatic repulsion between Lys+ residues is screened) resembles that of the hypothetical homopolymer in Fig. 1 . Based on this assumption, we surmise that the N-and C-terminal positions should be the most sensitive sites for measuring capping propensity because they display the highest helix boundary probabilities.
Effect of N-Terminal Substitutions and N-Acetylation. We initially examined the N-cap propensities of residues with high (Asn, Ser, and Gly) and low (Val, Leu, Ala, and Pro) N-cap preferences (2) (8) , are acetylated at the N terminus, and an H-bond formed by the acetyl-carbonyl group to a main-chain NH group could interfere with capping interactions. To test both possibilities, two sets of 12-residue peptides of the sequence XAKAAAAKAAGY-amide were synthesized. The N-terminal amino group was acetylated in one set, and it was left unblocked in the other set. In turn, 11 nonaromatic uncharged residues were placed at the N terminus in both sets of peptides, and the effect of each one on helicity was examined.
To assess the effect of acetylation on helicity, the helix contents of the acetylated and unacetylated peptides must be compared at identical extents of ionization. Consequently, the helix content of each unacetylated peptide must be measured at a pH where the a-amino group is neutral and the E-amino groups of Lys residues are charged. To determine this pH, the pKa of each peptide a-amino group was determined by pH titration of its helix content. Titration of the a-amino group causes changes in helix content because ofthe interaction of the charge with the helix dipole, and this measurement can be used to calculate the pKa (5, 11). Using this method we found that the pKa values of the a-amino groups of the peptides are as follows: Gln, 7.72; Val, 8.14; Ile, 8.24; Ala, 8.35; Met, 7.83; Pro, 8.85; Leu, 8.31; Thr, 7.62; Gly, 8.51; Ser, 7.63; and Asn, 7.07 (conditions: 0°C in 1.0 M NaCl). These pKa values are, on average, 1.5 pH units below the pKa of the free amino acid (15), indicating that the Conditions: O0C and 1.0 M NaCl.
Proc. Natl. Acad. Sci. USA 90 (1993) Proc. Natl. Acad. Sci. USA 90 (1993) 11335 (-branched residues (Thr, Val, Ile) or Ser at the C-terminal position had slightly lower helix contents than the others. Neutralization of the a-carboxyl group of these peptides caused an average increase in helix content of -1200 degcmldmol-'.
DISCUSSION
Helix Capping by Amino Acids and the Acetyl Group. The N-terminal substitution experiments in 12-, 17-, and 20-residue peptides clearly show that the N-terminal unit of the peptide, whether it is an amino acid or an acetyl group, can have a profound effect on the extent of helix formation (Tables 1 and 2) . N-terminal substitutions in 17-residue peptides provide the most reliable data for evaluating the rank order of N-cap propensities of the nonaromatic uncharged amino acids (Table 2) ; that order is Asn > (Ser, Gly) > (Thr, Leu, Ile) > (Pro, Met) > Val > Ala > Gln. Inspection of the helix contents of acetylated and unacetylated 12-residue peptides indicates that the helix-stabilizing effect of the acetyl group is roughly equivalent to that of Asn in the N-cap position (Table 1) . In contrast to the varied N-cap effects, the observed C-cap effects of the uncharged nonaromatic residues are very uniform (Table 2) . Based on the C-terminal substitution data in Table 2 , the rank order of C-cap propensities is (Glu, Ala, Met, Leu, Gly) > Asn > (Ser, (3-branched residues). It should be stressed, however, that the differences in helix contents of these peptides are very small: there is only a 20%o difference between the highest and lowest values. We therefore conclude that there are only minor differences in the C-cap propensities of the nonaromatic uncharged amino acids in isolated a-helices.
The large changes in helix content caused by varying the N-terminal residue are not predicted by classical helix-coil theories, such as the . In fact, LifsonRoig theory predicts that substitution of a helix breaker or helix former into a helical peptide produces the greatest effect at the middle, and substitutions at either end are predicted not to have any effect on helix stability. We One additional point should be made about the measurement of helix-capping propensities by substitution experiments. Although these experiments allow measurement of the rank orders of N-and C-cap propensities, they cannot be used to compare N-cap propensity with C-cap propensity. For example, the substitution data show that Gly is helixstabilizing relative to Ala at the N terminus and equivalent to Ala at the C terminus. These data cannot, however, be used to determine whether the N-cap propensity of Gly is greater than its C-cap propensity.
Helix-Capping Propensities Measured in Other Systems. Helix-capping propensities ofa select number ofnonaromatic uncharged residues have been measured in other peptide (7, 8) and protein (17) (18) (19) systems. Because these workers have not examined the same set of amino acids, a proper comparison is not possible. Nevertheless, there is a general consensus that the small polar residues (Asn, Ser, and Thr) and Gly have greater N-cap propensities than Ala in each of the systems. We also fmd (Fig. 2) (20) contain a Ser residue that has a high N-cap propensity at position 2. The peptides of Miick et al. (21) are acetylated at the N terminus. The results of our study indicate that the acetyl group possesses strong N-capping characteristics (Table 1). Consequently, the asymmetric distribution of helicity in these peptides may be caused by N-cap interactions that reduce the extent of N-terminal fraying.
Possible Mechanisms of N-Capping Interactions. What determines the rank order of N-cap propensities? Presta and Rose (3) attribute N-capping to formation ofside-chain-mainchain H-bonds at the N-terminal end of the helix. Consistent with their idea, our measurements indicate that residues with polar side chains such as Asn, Ser, and Thr have high N-cap propensities. Our data also indicate, however, that Gln has the lowest N-cap propensity and it differs by only a single methylene group from Asn, the residue with the highest N-cap propensity. This interesting result can also be reconciled with the side-chain-main-chain H-bond hypothesis if it is assumed that, with Gln present, side-chain-main-chain H-bonds stabilize nonhelical conformations, whereas with Asn present, side-chain-main-chain H-bonds stabilize helical conformations. The side chain of Glu is known to form a H-bond with its own peptide NH, both in unstructured peptides (22) and in a protein (23). Lyu et al. (7) detected long-range nuclear Overhauser effect connectivities that are consistent with a side-chain-main-chain H-bond conformation at the N terminus of their helical peptide.
Our data indicate that Gly has a very high N-cap propensity; this has also been observed in barnase by Serrano et al. (17, 18) . The high N-cap propensity of Gly cannot be explained by the side-chain-main-chain H-bond hypothesis. Serrano et aL (17, 18) have, however, provided an alternative explanation that may also explain our data. They propose that side chains of nonpolar residues at the N-cap position cause steric hindrance to solvation of non-H-bonded NH groups of the first turn of the helix. Because Gly does not have a side chain, it should not hinder solvation of the NH groups, and hence, it will have a higher N-cap propensity than the nonpolar residues. Our data indicate that the nonpolar residues differ significantly in N-cap propensity. Neither the mechanism ofPresta and Rose (3) nor that of Serrano et al. (17, 18) can explain the rank order ofN-cap propensities of the nonpolar residues, which is Leu, Ile > Met > Val > Ala. Because the rank order correlates with the size of the alkyl side chain, burial of hydrophobic surface may contribute to the N-cap propensity.
Conduding Remarks. A role for helix-capping interactions in specifying the locations of helices in proteins has recently been proposed (24). Our study provides experimental evidence to support this role. We find that the helix-capping propensities of the nonaromatic uncharged residues vary widely, that there are only minor differences in C-cap propensities, that N-cap interactions can make large contributions to helix stability, and that N-capping involves other interactions in addition to side-chain-main-chain H-bonding.
